In underground coal mines, shear-induced changes in regional fluid flow are a major factor causing water inrushes from faults into working faces. Shear slip along preexisting fractures tends to be activated during hydraulic fracturing, and this movement can either enhance or diminish hydraulic fracturing efficiency. To prevent water inrush disasters and further hydraulic fracturing, understanding the evolution of shear-induced permeability in fractures in sedimentary rock is very important. In this study, the evolution of shear-induced permeability in saw-cut sandstone fractures with three different types of surface roughness was investigated by conducting triaxial shear tests and examining the 3-D topography of the unsheared and sheared fracture surfaces. The results allow several important conclusions to be drawn. (1) The permeability of fractures follows a three-stage shear-displacement-dependent evolution. The permeability remains unchanged in the first stable stage. After that, permeability decreases sharply with increasing shear displacement. Finally, the permeability enters a second stable stage. (2) The shear stress versus shear-displacement curves can also be divided into three stages, namely, a stress adjustment stage, a stage of increasing stress, and a stable stage. During the experiments, the fractures always experienced stick-slip shear in the stable stage. The oscillations of the shear stress in the stick-slip stage had a higher frequency for fractures with rougher surfaces. In addition, the rougher surfaces exhibited a greater permeability drop after shearing than that shown by smoother fracture surfaces. (3) The 3-D scanning results imply that the coupled effects of grinding (plus scraping) and sealing lead to decreased permeability. During shearing, the fracture walls grind and scrape against each other resulting in partial flattening of the fracture surface and the production of fault gouge in the fracture. This leads in turn to the flow pathways being partially sealed by crushed mineral grains.
Introduction
During underground coal mining, mining-triggered shear failure of roof strata, hydraulic fracturing-induced shear slip of preexisting fractures, and fault slip-activated groundwater inrushes can occur if the preexisting hydraulic and mechanical equilibrium conditions are disrupted [1] [2] [3] [4] [5] [6] . Faults in sedimentary rocks that are dominated by deformation bands tend to act as barriers to fluid flow, and these faults compartmentalize fluids, whereas faults characterized by discrete fractures act as fluid pathways [7] [8] [9] [10] [11] [12] . In sedimentary formations, shear slip of fractured rock associated with dilation or compaction can significantly change fracture permeability, thus affecting fluid flow [13] [14] [15] . Enhanced fluid flows may be beneficial for desorbing of coal seam gas and increasing geothermal energy extraction [16] [17] [18] [19] [20] [21] , but this enhanced flow will be disadvantageous for groundwater protection and mining [22] . Therefore, to achieve safe and efficient mining in coal seams, knowledge of the evolution of fracture permeability with shearing is very important.
Rock fractures tend to remain stable under equilibrium hydraulic and mechanical conditions. When stresses are redistributed by mining or excavation, deformation events like strata movement or rock failure can be triggered. This deformation can greatly influence the permeability of fractures. The spatial variability of fault and fracture permeability is complex [23] . The mechanisms of shear-induced permeability evolution differ because of the complexity of rock discontinuities and the anisotropy of rocks.
The permeability of fractured rock masses is stress dependent [24] . In general, the evolution of shear-induced permeability is affected by several factors including the stress state, fracture geometry, porosity evolution, and the effects of cementation and grain size reduction. Shear-induced permeability reduction can also be caused by shear-enhanced compaction [25] .
Fracture geometry is also an important factor in the dilation or compression of fracture apertures during shearing [26] [27] [28] . Rougher fractures with greater surface topography commonly undergo slip opening due to mismatched surfaces. This mismatch results in increased fracture apertures (or opening). For smoother fracture surfaces, dilation may be changed to compression resulting in a permeability decrease.
Part of the shear-induced permeability evolution of fractures is related to the development or destruction of porosity, for example, porosity increase due to dilation or dissolution/scraping [29] [30] [31] . Porosity can be reduced by the formation of gouge or chemical compaction and chemical precipitation [32, 33] . Permeability can be enhanced because of shear dilation, but it can also be reduced by the formation of gouge [33] [34] [35] [36] [37] [38] . In addition, fractures acting as fluid pathways may become impermeable during deformation if they become partially cemented; this will limit the amount of fluid that can pass through the fracture [39] . That is to say, the permeability of fractures may decrease during deformation because the gouge or cement produced during slip can block fluid flow [40] .
Grain size is an important factor, and in some cases, it is the determining factor for fracture permeability. This is particularly true for clay-rich samples. Experimental studies have found that coarse-grained gouge is the most permeable and that gouge permeability decreases after shearing. Conversely, fine-grained gouge in most cases has a lower permeability, but its permeability does not change significantly after shearing [41] . Thus, it appears that coarse grains or rough surfaces can be transformed into fine grains and a smooth surface, during shearing, and this can cause permeability to decrease. There are also other mechanisms that contribute to the long-term sealing and healing effect of fractures and faults after shearing [42, 43] .
In this study, we focused on investigating the evolution of shear-induced permeability in saw-cut fractures in sandstone and on the basic mechanisms leading to permeability changes. To this end, we conducted triaxial shear and water injection tests and analyzed the fracture surfaces before and after shearing. This paper is organized as follows. The first sections describe the sample preparation, the shearing test, and the fracture surface analysis method. Next, the test results are described and their bearing on coupled shear and fracture permeability discussed. In addition, the results of profile tests are presented and used to discuss the mechanisms of permeability changes during shearing. Finally, several important conclusions are drawn.
Materials and Methodology
2.1. Sample Preparation. Sandstone was used to conduct the shear-permeability tests. Sandstone blocks (Figure 1(a) ) were collected from an open pit mine. The blocks were carefully selected to exclude fractures, discontinuities, and Table 1 . To achieve the shear test of fractures, each sandstone sample was cut in half longitudinally with a rock saw to form two half cylinders (Figure 1(d) ). The cut surfaces were ground to remove surface irregularities that might influence the test results. This was done using different grain size grinding powders, namely, #36, #80, and #120 grit silicon carbide (Figures 1(e) , 1(f), and 1(g)). It should be noted that lower value implies coarser powder. The fracture surfaces ground with the #36, #80, and #120 grit powders were called #36 Grit, #80 Grit, and #120 Grit surfaces, respectively. The ground half cylinder blocks were joined to make the shearpermeability test specimen. To allow for slip displacement during shearing, the blocks were offset from one another with an initial offset of 10 mm. The blocks were held together with Teflon tape (Figure 1(h) ).
Shear-Permeability Testing Apparatus and Test
Procedures. The shear-permeability tests were performed using a triaxial test system (Figure 2 ). This system consists of three main parts: pumps, the triaxial compression press, and monitoring equipment. The triaxial compression press has three servocontrolled pumps. The press has a maximum pressure capacity of 70.0 MPa, and the pumps can provide a maximum flow rate of 100 ml/min. The minimum flow rate of each pump is 0.01 ml/min, and the display resolution of the pressure transducer (an Omega PX409) is 1 × 10 −3 Pa. The pumps can be controlled to provide a constant pressure or a constant flow rate. The triaxial pressure cell was used to shear the specimens along the saw-cut fracture under a confining pressure. However, the shearing test could not be conducted in an unmodified triaxial cell because the offset ends of the specimens (Figure 1 (h)) could not be sealed. Therefore, two steel ring spacers were used to protect the latex membrane in the triaxial cell and to ensure that the specimen was sheared. It should be noted that although the specimens were wrapped with Teflon tape, friction between the triaxial cell's confining latex membrane and specimen surface could not be entirely eliminated but it was minimized to some extent by the Teflon tape. Therefore, the stress recorded for the pressure platens on the triaxial press was no doubt somewhat higher than the shear stress experienced by the fracture. This was an unavoidable experimental limitation.
The shearing tests were conducted by following these steps: (1) place a specimen in the center of the triaxial cell, 3 Geofluids (2) apply a servocontrolled confining pressure of 3.0 MPa with the confining pressure pump, (3) provide a constant injection pressure of 0.25 MPa from the injection pump, (4) shear the sample with a constant shear velocity of 10 μm/s with pressure from the shearing pump, and (5) record the pressure and flow rates during shearing. Three sandstone specimens, each with a different surface roughness, were tested using this procedure. All the experiments were performed at room temperature (~20°C).
2.3. Surface Roughness Measurement. Three-dimensional reconstructions of the saw-cut-simulated fracture surfaces were created both before and after shearing using a noncontact confocal profilometer. The profilometer consists of a nanomodule, a demodulator, and related software. The profilometer can collect 3-D data from an area with a maximum dimension of 10 mm × 10 mm. A 0.1 μm measurement step was used to scan the sample surfaces. The scan velocity and acquisition rate were set at 20 mm/s and 1000 Hz, respectively. The 3-D reconstructions were analyzed using the software provided by the profilometer's manufacturer. The tested parameters (root mean square height, skewness, kurtosis, maximum peak height, maximum pit height, maximum height, and arithmetic mean height) were calculated according to International Organization for Standardization (ISO) 25178 [44] .
The 3-D reconstructions of unsheared and sheared surfaces were created by placing the specimens on the profilometer platform, selecting the area for scanning, setting the scanning parameters, and then automatically scanning the selected area using the profilomtere's software. The three specimens were scanned before and after shearing.
Permeability of Fractures: Theoretical Backgrounds
The cubic law, assuming that the fracture consists of the region bounded by two perfectly smooth parallel plates separated from each other by a constant distance, has traditionally been employed to describe the fluid flow through rock fractures ( Figure 3 ). According to this model, the permeability in the fracture is defined as [45] 
) is the permeability of the fracture with an aperture of b (m).
If the flow is steady and isothermal, the relationship between the flow rate and pressure drop in a fracture can be developed from Darcy's law and expressed as
where Q (m 3 /s) and ΔP (Pa) are the flow rate and pressure drop, respectively. The fracture parameters A (m By combining equations (1) and (2), we can derive the basic equation describing the permeability of a fracture with an aperture of b. It should be noted that the sample length l increases with shearing time t during the shear process. Therefore, the permeability can be expressed as
where v t (m/s) is the shearing velocity.
Results and Discussion

Evolution of Shear-Induced Permeability in Sandstone
Fractures. Figure 4 presents the shear-permeability evolution of sandstone fractures for the three different types of surface roughness studied, the #36 Grit, #80 Grit, and #120 Grit surfaces. The graphs on the left in Figure 4 show the shear stresses and permeability values in the fractures during the entire experiment; the graphs on the right show stages of stable shear and permeability changes magnified from the graphs on the left. In these figures, the black lines represent shear versus displacement and the red lines show permeability versus displacement.
4.1.1. Shear Behavior. The shear stress-displacement curves for the saw-cut fractures can be divided into three stages:
(1) a stress adjustment stage, (2) a stage showing increasing stress, and (3) a stable shear stage. During the stress adjustment stage, the shear-displacement curve's convexity is downward; this stage persists from 0 mm to about 1 mm displacement. During the increasing stress stage, the shear stress rises with increasing shear displacement. This stage ends when peak shear strength is reached, and the stage is followed by the stable shear stage. It is generally acknowledged that a fracture's surface roughness increases its shear resistance. Hence, the peak shear strength for a fracture in rock should be greater for a 4 Geofluids fracture with a rougher surface. As mentioned in the methodology section, Section 2.2, the shear stress imposed by the triaxial press on the pressure cell during the tests was higher than the actual shear stress experienced by the fractures in the specimens because of the friction between the confining latex membrane and the sample surface. However, we believe that the shapes of the curves reflect the actual failure response of the fractures. Figure 4 : Shear-induced permeability evolution of sandstone fractures: (a-1) shear response and permeability evolution of #36 Grit fracture; (a-2) shear response and permeability evolution of #36 Grit fracture during stable shear stage; (b-1) shear response and permeability evolution of #80 Grit fracture; (b-2) shear response and permeability evolution of #80 Grit fracture during stable shear stage; (c-1) shear response and permeability evolution of #120 Grit fracture; (c-2) shear response and permeability evolution of #120 Grit fracture during stable shear stage.
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The most important factor affecting a fracture's shear behavior is the size and condition of the contact area between the fracture walls. Contact areas can possess different types of roughness and apertures and be subjected to different normal effective stresses [46] . For these experiments using modified saw-cut-simulated fractures under a constant effective stress, the evolution of the fracture aperture is mainly controlled by the fracture surface roughness. That is, the changes in shear stress during the stable shear stage should depend only on the roughness of the fracture. As can be seen from the graphs on the right side of Figure 4 , the shear-displacement curves become smoother as the roughness of the fracture surface decreases. After the shear stress peaks, the shear stress oscillates with a high frequency for the fracture roughened with #36 grit. This is unstable stick-slip behavior [47] , and shearing probably decreases fracture surface roughness, reduces grain sizes, and rotates crushed grains. For the fracture roughened with #80 grit, the shear stress oscillates at a much lower frequency, and the fracture ground with #120 grit is even more stable. This progression indicates that stick-slip behavior diminishes as surface roughness decreases. Shearing a rougher surface results in greater shear stress oscillations.
Permeability Evolution.
The evolution of shear-induced permeability in fractures is related to changes in porosity and grain size. In Figure 4 , the red lines show the evolution of shear-induced permeability. The permeability curves can be divided into three stages: (1) a stable stage, (2) a stage of decreasing permeability, and (3) a second stable stage.
In the first stable permeability stages that are shown in Figures 4(a-1), 4(b-1), and 4(c-1) , although the shear stresses increase, the permeability values remain fairly constant. This suggests that the initial stress adjustments do not affect the aperture of the fracture significantly. The permeability values at the beginning of the first stable stages (at 0 mm displacement) are 7. In the decreasing permeability stage, the permeability values decrease sharply as the shear displacements and shear stresses increase. This may be caused by the destruction of surface roughness, grain size reductions, and the rotation of crushed grains. These decreasing permeability values are consistent with the fault gouge-grain size relationship reported by Morrow et al. [41] . The results from the experiments run for this study show that a rougher fracture surface has a higher initial permeability and a larger permeability reduction after shearing than a smoother fracture surface. This result is analogous to the behavior reported for coarsegrained and fine-grained fault gouges. In addition, the rates at which the permeability is reduced in the permeabilitydecreasing stages are roughness dependent in that the permeability values along the rougher surfaces decrease more quickly than does the permeability for the sample with a smoother surface. This is because a rougher surface is flattened more quickly during shearing.
In the second stable stages, the permeability values oscillate. In the later stages of the experiments, the rock specimen's fracture surfaces are smoother and this results in fewer perturbations in the permeability versus sheardisplacement curves. This change in permeability behavior is consistent with less stick-slip on the fracture surfaces. Figure 5 shows the initial and final permeability values before and after the shearing tests for the three fractures. The changes in permeability decrease with decreasing fracture roughness. For most fractures, a rougher surface results in a higher porosity. During shearing, the rough fracture walls are smoothed and crushed grains can easily fill the fracture. With further shearing, the size of the crushed grains may be reduced further. 0 0 0 0 0 G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G Gr r r r r r r r r r r r r r r r r r r r r r r r r r r r rit it it it it it it it it it it it it it it it it it it t t it t t t it t t t it it i it it i it t t i Be Be Be Be Be B Be Be Be B Be Be Be Be e Be Be Be Be Be Be B Be Be Be Be Be Be Be e Be Be e B Be e e B B B Be B B B B B B B Be B B B Be ef
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he ea e ea e ea ea ea ea a ea ea ea ea ea ea e ea ea ea ea a ea ea ea a ea e ea ea e ea ea a ea a e e e e e ea ear r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r r ri i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i in n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n ng g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g During shearing, the rough fracture surfaces were ground down and the coarse grains on the rough surfaces were crushed into fine powder. This resulted in a significant reduction in fracture aperture and permeability. This permeability decrease may be linked directly to the microstructural evolution of the flow pathways [23] , which occurs via a complex interplay between matrix compaction and cataclastic fracture sealing. In addition, the gouge/wear effect is unavoidable during frictional sliding [32] . During sliding, gouge is produced and the presence of the gouge causes a further decrease in fracture permeability.
As mentioned above, 3-D views of portions of the fracture surfaces are shown on the right side of Figure 6 . As can be seen from the photographs and 3-D images, the sheared surfaces are all scraped and the rougher the unsheared surface is, the more it has been scraped. Greater scraping may enhance permeability to some extent, but this scraping is dominated by abrasion. Intuitively, one might think that the surfaces would become rougher after being scraped, but the results suggest that this is not the case.
The test parameters were derived from the 3-D scanning results. Figure 7 shows the effect of shearing on the arithmetic mean height (Sa), root mean square height (Sq), maximum pit height (Sv), and maximum peak height (Sp) values. These parameters can be expressed as
where Z x, y is the height of the surface point under the corresponding x-location and y-location. A is the scanning area of the sample surface. In Figure 7 , the black data points correspond to the parameters before shearing and the red data points mark the parameters after shearing. All of the parameters decrease with decreasing roughness, and most of them also decrease after shearing. However, as can be seen in Figures 7(a) and 7(b), the Sa and Sq values for the #36 Grit fracture surface are nearly the same or slightly greater after shearing. This may be due to scraping because, as mentioned, scraping can conceivably lead to an increase in permeability. The changes in permeability are caused not only by roughness reduction and scraping but also by the gouge being sealed by clay minerals or crushed grains. Therefore, it can be concluded that 8 Geofluids the coupled grinding (plus scraping) and sealing effects could be the fundamental mechanism leading to decreased permeability in sheared sandstone fractures.
Conclusions
To understand the evolution of shear-induced permeability in saw-cut sandstone fractures with different types of roughness, we have presented the results from a suite of three experiments. These results allowed the mechanics of shearpermeability evolution to be deliberated, and several conclusions have been drawn:
(1) The shear stress-displacement curves for the saw-cut fractures can be divided into three stages: a stress adjustment stage, a stage of increasing stress, and a stable shear stage. Similarly, the corresponding permeability-displacement curves can also be divided into three stages, namely, a stable stage, a stage of decreasing permeability, and a second stable stage (2) A rougher fracture surface undergoes greater damage during shearing. The greater the initial surface roughness, the greater the permeability drop after shearing (3) The coupled effects of grinding (plus scraping) and sealing lead to a decrease in permeability. During shearing, fracture walls grind and scrape against each other, and this results in partial flattening of the fracture surface and the production of fault gouge in the fracture. In turn, this leads to flow pathways being blocked by crushed mineral grains 
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